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AB-Mediated NMDA Receptor Endocytosis in Alzheimer’s
Disease Involves Ubiquitination of the Tyrosine Phosphatase
STEP;,
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Amyloid 3 (ApB) is involved in the etiology of Alzheimer’s disease (AD) and may contribute to cognitive deficits by increasing internal-
ization of ionotropic glutamate receptors. Striatal-enriched protein tyrosine phosphatase 61 (STEP,, ), which is targeted in part to the
postsynaptic terminal, has been implicated in this process. Here we show that STEP;, levels are progressively increased in the cortex of
Tg2576 mice over the first year, as well as in prefrontal cortex of human AD brains. The increased STEP, was associated with greater STEP
activity, dephosphorylation of phospho-tyr '*” of the NR2B subunit, and decreased NR1 and NR2B subunits on neuronal membranes.
Treatment with AB-enriched medium also increased STEP; levels and decreased NR1/NR2B abundance in mouse cortical cultures as
determined by biotinylation experiments. In STEP knock-out cultures, A3 treatment failed to induce NMDA receptor internalization.
The mechanism for the increase in STEP; levels appears to involve the ubiquitin proteasome system. Blocking the proteasome resulted
in elevated levels of STEP,. Moreover, STEP,, — ubiquitin conjugates were increased in wild-type cortical slices upon A 3 treatment as well
as in 12 month Tg2576 cortex. These findings reveal a novel mechanism by which AB-mediated accumulation of STEP, results in

increased internalization of NR1/NR2B receptor that may contribute to the cognitive deficits in AD.

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative dis-
order associated with memory loss. A hallmark of AD is the ac-
cumulation of amyloid 3 (AB) peptide in brains, a process that
has been implicated in the progression of the disease (Haass and
Selkoe, 2007). Accumulation of AB results from the sequential
cleavage of amyloid precursor protein by [B-secretase and
y-secretase enzymes (Turner et al., 2003). One hypothesis in the
pathophysiology of AD is that soluble forms of AB disrupt syn-
aptic function (Hardy and Selkoe, 2002; Venkitaramani et al.,
2007). This notion is supported by the correlation between cog-
nitive deficits and loss of synaptic structures (Terry et al., 1991;
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Masliah et al., 1991). Amyloid plaque formations occur subse-
quent to loss of synaptic function (Hsiao et al., 1996; Jacobsen et
al., 2006), suggesting that synaptic perturbations are an earlier
target of AB. Notably, exogenous application of soluble Af3 in-
hibits long-term potentiation (LTP), induces synaptic loss, and
blocks cognitive function in rodent models (Walsh et al., 2002;
Lacor et al., 2007; Shankar et al., 2008).

Striatal-enriched protein tyrosine phosphatase 61 (STEP,),
the only isoform of this brain-specific family of phosphatases
expressed in the cortex, localizes to postsynaptic terminals and
the endoplasmic reticulum (Boulanger et al., 1995; Oyama et al.,
1995). The current model of STEP function is that it opposes the
development of synaptic strengthening (Braithwaite et al.,
2006a). STEP; associates with the NMDA receptor (NMDAR)
complex, reduces NMDAR activity, and opposes the induction of
LTP through a process whereby STEP dephosphorylates a regu-
latory tyrosine site (tyr'*’*>) on the NR2B subunit, leading to
internalization of NR1/NR2B receptor complexes (Pelkey et al.,
2002; Braithwaite et al., 2006b). A previous study demonstrated
that AB activates STEP through a calcineurin-dependent path-
way (Snyder et al.,, 2005). In addition, another study using a
mouse model of AD (J20) found that STEP levels are increased
(Chin et al., 2005). Together, these results suggest that A3 may
regulate STEP level and activity through several mechanisms.

The ubiquitin proteasome system (UPS) is a major pathway
for protein degradation. Ubiquitin is a 7.6 kDa polypeptide that is
covalently attached to substrates and typically targets these pro-
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Table 1. Primary and secondary antibodies used in Western blots
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Antibody Format Immunogen Host Dilution Source

Anti-ERK2 Whole IgG, unconjugated (-terminus of rat sequence Rabbit 1:5000 Santa Cruz Biotechnology
Anti-Ag (6E10) Ascites (lgG, ) Peptide corresponding to 3— 8 aa of beta amyloid Mouse 1:1000 Covance

Anti-B-actin Whole IgG, unconjugated Synthetic peptide Rabbit 1:5000 Affinity Bioreagents
Anti-pY "2 NR2B Whole IgG, unconjugated Synthetic phosphopeptide Rabbit 1:1000 Phosphosolutions
Anti-NR2B Whole IgG, unconjugated C-terminal of mouse NR2B Rabbit 1:1000 Millipore

Anti-GABA, (82/3) 19G, , unconjugated Extracellular domain of 82/3 Mouse 1:1000 Millipore

Anti-NR1 Whole IgG, unconjugated (-terminus Mouse 1:600 Millipore
Anti-synapsin 1 Whole IgG, unconjugated Bovine synapsin | Rabbit 1:200 Millipore

Anti-STEP 19G, , unconjugated Rat synthetic peptide Mouse 1:1000 Boulanger et al., 1995
Anti-human STEP Whole IgG, unconjugated Human synthetic peptide Rabbit 1:500 Abgent

Anti-pS 2 STEP Whole IgG, unconjugated Synthetic phosphopeptide Rabbit 1:1000 Snyder etal., 2005
Anti-rabbit Whole IgG, peroxidase-conjugated Rabbit Fc Donkey 1:10,000 Amersham Biosciences
Anti-mouse Whole IgG, peroxidase-conjugated Mouse Fc Sheep 1:10,000 Amersham Biosciences
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in STEP, compared to controls.

teins to the 26S proteasome for degradation. The UPS regulates
a wide variety of cellular processes, including synaptic plastic-
ity (Yiand Ehlers, 2007). This pathway is impaired in human AD
brains, mouse AD models, and neuronal cultures treated with A8
(Keller et al., 2000; Lam et al., 2000; Oh et al., 2005; Almeida et al.,
2006). A previous study demonstrated that synaptic NMDAR
activation normally promotes ubiquitination and degradation of
STEP4, (Xu et al., 2009). The current study determines that
STEP, levels are elevated in aged transgenic AD model mice
(Tg2576) and in human AD brains, and that A is sufficient to
increase STEPq, levels. The increase in STEPg, involves inhibi-
tion of the UPS and is associated with excessive internalization
of membrane-associated NR1/NR2B subunits. These findings
suggest a novel mechanism by which synaptic function is dis-
rupted in AD.

[ STEP v [
&
I

STEP,, levels are increased in Tg2576 mice and human AD brains. A, Inmunoblot of STEP,, and total A3 levelsin WT
and Tg2576 mice cortex at 3, 6, 9, and 12 months (MO) of age. B, Quantitation of STEP, protein levels in WT and Tg2576 mice
normalized to ERK2 levels. STEP levels were increased in 6-, 9-, and 12-month-old Tg2576 mice compared to age matched WT
controls (*p << 0.05; two-way ANOVA with post hoc Tukey's test; n = 4;). €, STEP, is increased in human AD brain samples.
Representative immunoblot of prefrontal cortex from control and AD brains probed with anti-human STEP antibody. D, Quantita-
tion of STEP, control (n = 10) and AD (n = 18) groups normalized to B-actin levels. Data are expressed as percentage increase

ratories) (Hsiao et al., 1996) and the STEP
knock-out (KO) mouse (Venkitaramani et al.,
2009). Rats were purchased from Charles River
Laboratories.

7PA2-conditioned — medium  preparation.
7PA2-conditioned medium (CM; Ap-enriched)
was prepared as described previously with mi-
nor modifications (Walsh et al., 2002). Briefly,
7PA2 and untransfected Chinese hamster
ovary (CHO) cell lines were grown to 95% con-
fluency and conditioned in DMEM without se-
rum for 16 h. The y-secretase inhibitor DAPT
inhibits AB oligomer production in 7PA2 cells.
For the preparation of DAPT-7PA2-CM, 250
nM of DAPT (EMD Biosciences) was added to
the DMEM before the 16 h growth. CM was
centrifuged (200 X g for 10 min) to remove
debris and concentrated 15-fold using a YM-3
column (Millipore). CM was aliquoted into 60
ul aliquots and stored at —20°C. For Western
blots, 60 or 120 ul of CM was lyophilized, resuspended in 2X Novex
Tricine SDS sample buffer, and loaded onto a tricine gel (10-20%) (In-
vitrogen). Proteins were transferred to polyvinylidene difluoride mem-
branes, and AB was detected with 6E10 antibody.

We used a second technique to remove AB from 7PA2-CM (AB-
enriched) by performing four rounds of immunodepletion using an
anti-Af antibody (6E10) coupled to protein G-Sepharose beads (GE
Healthcare). Concentrated 7PA2-CM (300 wl) was incubated with 6E10
antibody (5 ug) conjugated with protein G-agarose beads (50 ul) over-
night at 4°C. The supernatant was then subjected to three additional
rounds of immunodepletion by incubating it with 6E10 antibody (5 ug)
conjugated with protein G-agarose beads (50 ul) for 2 h at 4°C. The AB
immunodepleted supernatant was then used in cell culture assays. The
beads (20 ul) after each round of immunodepletion were mixed with
SDS sample buffer (2X) and subjected to electrophoresis in a 16.5%
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Tris-glycine gel (Bio-Rad), followed by immu- A
noblotting with 6E10 antibody to determine B C
the extent of immunodepletion. 2
Cortical cultures and slices. Cortical neurons % 150 - 12 MO - 1007 ——
were prepared from embryonic day 18 (E18) S T Input WT Tg2576 S
Sprague Dawley rats (Charles River Laborato- 2w — = 801 -
ries). Pregnant dams were killed with CO,,and g E 100 = ]
cortices were removed from embryos by dis- 'é. 2 E GST-NR2B L_.’ 60
section and triturated with 0.025% trypsin- 2 @ | stEPSH 3 40 1
EDTA. Dissociated neurons were seeded in six- & & 50 o
well plates (1 X 10° cells/well) containing  © S 20 -
Neurobasal medium supplemented with B27. § \ZQ; - e L
Cultures were maintained for 18 d (37°C, 5% g 0 0 T g —s
CO,). For conditioned medium treatment, £ WT T92576 i g
concentrated CHO-CM, 7PA2-CM, or DAPT- X T 12mM0
7PA2-CM was reconstituted (60 ul/ml or 120 D E
pul/ml) in fresh neurobasal medium. Cells were
treated for an additional 2 h before processing T3 M_Ic_) SE70 320 9 1
to obtain membrane fractions. 2 _ 100 - B wT
Rat cortical slices were prepared as described _ % 80 - O Tg2576
previously (Hu et al., 2007). After decapitation, E pNR2B  §
cortical slices (300 wm) were recovered in ox- = 60 ]
ygenated artificial CSF for 30 min and treated EI NR2B ?_ 40
with CHO-CM or 7PA2-CM (60 pl/ml) for 2 h El o
at 30°C. After treatment, tissue was immedi- ERK2 X 20
ately processed for subcellular fractionation as 0
described below. NR1 PNR2B NR2B
Surface biotinylation assay. Cortical cultures F G
from mouse (E15) embryos were grown as de- 12 '\‘I/]02576 120 - B wT
scribed previously (Hu et al., 2007). After 9 S 100 A O Tg2576
7PA2-CM (Ap-enriched) treatment for 1 h, EI g i 4
the cells were incubated in PBS containing 1.5 P pNR2B ﬁ
mg/ml sulfo-NHS-LC-biotin (Pierce) for 20 < 60
min at 4°C. Neurons were rinsed twice in PBS - NR2B S 40 -
and lysed in 200 ul PBS with protease inhibi- °
tors, 0.1% SDS, and 1% Triton X-100. Ten [——] crc 20 1
percent of the lysate was used for protein de- 0 -

termination, whereas the remainder was incu-
bated with NeutrAvidin agarose to purify
biotinylated proteins (50 ul; Pierce). The ratio
of biotinylated receptor to total receptor was
measured.

Subcellular fractionation. Homogenates were
prepared from brain tissue or slices using glass
homogenizers in homogenization buffer con-
taining the following (in mm): 10 Tris-HCI, pH
7.6, 320 sucrose, 150 NaCl, 5 EDTA, 5 EGTA,
20 NaF, 1 Na;VO,, and protease inhibitors
(TEVP). Homogenates were centrifuged at
800 X gto remove nuclei and large debris (P1).
The P2 fraction was prepared from S1 by centrifugation at 9200 X g for
15 min. The P2 fraction was resuspended in TEVP buffer containing 35.6
mM sucrose and placed on ice for 30 min, and centrifuged at 25,000 X g
for 20 min to obtain LP1 fractions. Cell membrane fractions from pri-
mary neuronal cultures were prepared as described previously (Botto et
al., 2007). Briefly, neurons were washed with 1X PBS and scraped off in
extraction buffer containing the following (in mwm): 20 Tris-HCI, pH 7.4,
2 EDTA, 0.5 EGTA, 20 NaF, 1 Na;VO, and protease inhibitors. After
homogenization, tissues were centrifuged at 100,000 X g for 1 h at 4°C,
and the pellet was dissolved in extraction buffer containing 1% Triton
X-100, sonicated at room temperature, placed on ice for 30 min. The
extract was centrifuged at 15,000 X g for 20 min at 4°C, and the super-
natant was taken as the membrane fraction.

Transfection and immunoprecipitation. Human embryonic kidney
293T (HEK-293T) cells (ATCC) were seeded at a density of 1 X 10° cells
per well in six-well plates. Cells were transfected with STEP,, or hemag-
glutinin (HA)-ubiquitin cDNA (1 ug), or both constructs using Lipo-
fectamine 2000 (Invitrogen). After 36 h, cells were treated with MG-132
(10 mm), chloroquine (500 uMm), or 0.1% DMSO for 4 h. Cells were

NR1 pNR2B NR2B

Figure 2. Increased STEP, activity is associated with decreased synaptosomal membrane-associated NR1/NR2B receptor
subunits in 12-month-old Tg2576 mice. A, Immunoprecipitated STEP,; from cortical brain lysates of 12-month-old (12 MO)
Tg2576 mice has more phosphatase activity against pNPP than STEP, from age-matched WT mice (**p << 0.01; Student’s ¢ test;

= 3).B, C, Representativeimmunoblot (B) and quantitative analysis (C) show greater dephosphorylation of Fyn-phosphorylated
GST-NR2B with immunoprecipitated STEP, from Tg2576 mice relative to WT controls. Phospho-(pY 4721472)-NR2B levels were
detected using a specificantibody against the pY "2 site of NR2B. Quantified pY "2 NR2B (pNR2B) levels were normalized relative
to Fyn-phosphorylated GST-NR2B levels (input; **p << 0.01; Student’s t test; n = 3). D, F, Representative immunoblots showing
NR1, pY1472 NR2B, and NR2B levels in LP1 fractions of 3 month (D) and 12 month (F) Tg2576 mice. E, G, Quantitative analysis
revealed no significant decrease in NR1, pY "2 NR2B and NR2B in 3-month-old Tg2576 mice (E), but significant decreases at 12
months compared to age-matched WT mice (G; **p < 0.01; Student's t test; n = 6).

lysed in buffer containing (in mm) 50 Tris-HCI, pH 7.5, 1% NP-40, 2
EDTA, 100 NaCl, and 10 sodium orthovanadate supplemented with
10 mm N-ethylmaleimide and protease inhibitors (TNESV) (Roche),
and sonicated for three 10 s pulses. The lysates were spun at 12,000 X
g for 10 min to obtain supernatants. For immunoprecipitation, su-
pernatants (250 ng) were precleared with protein G-Sepharose beads
and mixed with anti-STEP antibody (2 ug) overnight at 4°C (Bou-
langer et al., 1995). The antibody complex was mixed with protein
G-Sepharose (40 ul) and incubated for 2 h at 4°C. Beads were washed
four times with TNESV buffer, and bound complexes were eluted
using 2X SDS sample buffer and processed for Western blotting.
Ubiquitinated protein pull-down. Ubiquitinated proteins from mouse
cortical tissue and cortical slices were isolated using a ubiquitin enrich-
ment kit (Pierce) according to the manufacturer’s protocol. Briefly, cor-
tical tissue or cortical slices after conditioned medium treatment were
homogenized in TNESV buffer and sonicated for three 10 s pulses. Four
hundred micrograms of total lysate were diluted 1:1 with TBS (supplied
in the kit) to a final volume of 400 ul. The samples were incubated overnight
with 20 ul of polyubiquitin affinity resin in a column (Pierce) at 4°C, then
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sonicated (three times for 10 s with 10 s inter-
vals), and clarified at 14,000 X g for 20 min at
4°C. The homogenates were collected, protein
concentrations were determined by BCA kit
(Pierce), and total protein (50 ug) was sub-
jected to Western blotting and probed with
anti-human STEP antibody. The blots were
normalized with anti-B-actin antibody.

Statistics. All data were presented as
means = SEM. Differences among multiple
groups were evaluated either by two-way
ANOVA or one-way ANOVA with Tukey’s
post hoc test. In cases where comparisons be-
tween only two groups were of interest, un-
paired f tests were performed. For all analyses, a
p value of <0.05 indicated a statistically signif-
icant difference.

Results
STEPg, protein levels are increased in
cortical tissue from Tg2576 mice and

E  suface Total F human AD patients
B CHO-CM . .

CHO- 7PA2- CHO- 7PA2- S 140 ——— A previous study found that STEP protein
G M. G M 25 120 was increased in a mouse model of AD,
e e b < 100 —- although the mechanism involved was
[ | — v NR2B 25 e unknown (Chin etal., 2005). STEP; is the
85 90 only STEP isoform present in cortical and

I—.— —-‘”-— -—lNRZA €9 40 . R .
3% hippocampal cultures, slices, or tissue
|- -l - -lGABA"ﬁZ/3 25 (Pelkey et al., 2002; Gurd et al., 1999; Hu
NR1 NR2B NR2A GABAAB 272 etal., 2007; Zhang et al., 2008). We exam-

Figure 3.

washed four times (10 min intervals each) in the buffer containing TNSEV
and TBS (1:10). The polyubiquitin affinity proteins in the column were
eluted with 50 ul of 2XSDS sample buffer and then subjected to SDS-PAGE.
The gels were incubated with gel soaking buffer (63 mm Tris-HCI pH 6.8,
2.3% SDS, 5.0 B-mercaptoethanol) for 30 min to aid the transfer of higher
molecular weight (HMW) proteins. After transfer, the membrane was
probed with anti-STEP (23E5) antibody.

Western blots. Total proteins (30—50 pg) or immunoprecipitated sam-
ples were separated by 8% SDS-PAGE and transferred to nitrocellulose
membranes. Membranes were incubated with primary antibodies over-
night at 4°C followed by secondary antibody for 2 h at room temperature.
All antibodies and dilutions used in this study are listed in Table 1. Bands
were visualized with a chemiluminescence detection system, analyzed
using a G:BOX with the GeneSnap image program (Syngene), and
quantified by Image] 1.33 supplied by NIH.

Human samples. Human brain samples were obtained from the Alz-
heimer’s Disease and Schizophrenia Brain Bank (Mount Sinai School of
Medicine, New York) and approved by the Institutional Board for use in
this study. The control and AD brain samples were from Brodmann area
8 of the frontal cortex. The control samples included in the study were
examined and were insufficient to meet Consortium to Establish a Reg-
istry of AD (CERAD) diagnostic criteria for AD (Mirra et al., 1991).
Frozen tissue samples were homogenized (20 strokes) using a glass ho-
mogenizer in buffer containing (in mm) 10 Tris-HCI, pH 7.6, 1% NP-40,
150 NaCl, 2 EDTA, 1 DTT, 20 NaF, 1 Na;VO,, and protease inhibitors,

AB-enriched, but not control, medium increases STEP,; abundance in cortical neurons. A, Primary cortical cultures
were treated with normal medium (untreated), with different amounts of 7PA2-CM (A 3-enriched), or with CHO-CM (no A3) for
2. Representative immunoblot shows increased STEP, levels with 7PA2-CM treatment but not with CHO-CM treatment. B, Quantitative
analysis reveals adose-dependentincrease of STEP, levels after treatment with 7PA2-CM but not with CHO-CM after normalization to total
ERK2 levels (*p << 0.05; 7PA2-CMvs untreated; one-way ANOVA with post hoc Tukey's test; n = 5). , Cortical cultures were treated with
normal medium (untreated), with 7PA2-CM with or without the y-secretase inhibitor DAPT (250 nw), or with 7PA2-CM immu-
nodepleted of A3 using 6E10 antibody. A representative immunoblot is shown. D, Quantitative analysis shows that DAPT treat-
ment and immunodepleted medium blocks the increase in STEP,. Normalization was performed using total ERK2 (**p < 0.01;
one-way ANOVA with post hoc Tukey's test; n = 3). E, Surface biotinylation of cortical cultures is shown after treatment with
CHO-CM or 7PA2-CM. Western blots performed on membrane-associated fractions. F, Surface and total NR1, NR2A, NR2B, and
GABA,3 2/3 receptor levels were quantified (**p << 0.01; 7PA2-CM vs CHO-CM; Student’s ttest; n = 3).

ined STEPg, levels in synaptosomal mem-
brane fractions (LP1) of cortices from 3-,
6-, 9-, and 12-month-old Tg2576 and
wild-type (WT) mice (Fig. 1A). The re-
sults indicated both transgene- and age-
dependent increases in STEP(, levels.
STEP,, was significantly elevated at 6
months (141 * 6.9%), 9 months (144 *=
6.8%), and 12 months (144.3 = 5.3%)
compared to littermate controls (p <
0.05) (Fig. 1B). There was no statistically
significant difference in STEP, levels in
3-month-old Tg2576 compared to WT littermates (108.4 *
13.7%; p > 0.05). As shown previously (Hsiao et al., 1996), we
confirmed that these younger mice produce low levels of AS,
whereas these levels are increased at older ages [total AB (Fig.
1A); soluble AB (supplemental Fig. 1 A, available at www.jneuro-
sci.org as supplemental material)].

We next examined STEPg;, levels in postmortem cortical brain
tissue homogenates from patients with clinical and pathological
symptoms of AD (Fig. 1C). AD was diagnosed according to
CERAD criteria using previously described methods (Haroutu-
nian et al., 1998; Mirra et al., 1991). AD samples [range: clinical
dementia rating (CDR), 4-5; postmortem interval (PMI), 3.5-20
h; age, 73-102 d] were compared with control samples with no
history of dementia and no pathological evidence of AD (range:
CDR, 0; PMI, 3-23 h; age, 62-99 d). There was no significant
difference in PMI between AD and control groups (#.,5, = 1.16;
p > 0.05). The samples were analyzed for STEP, levels using
anti-human STEP antibody. Results indicated an increase in
STEP, immunoreactivity in samples from AD patients (n = 18)
compared to control samples (n = 10) (Fig. 1D). Quantitation
showed a significant increase in STEP, levels in AD samples
compared to the control samples (AD, 195.2 * 18.4%; con-
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trol, 100 £ 12.2%; p < 0.01, Student’s t test). Detailed infor-
mation of individual clinical samples used in the study can be
found in supplemental Table 1 (available at www.jneuro-
sci.org as supplemental material). These results indicate that
STEPg, levels are increased in both human patients with AD
and Tg2576 cortex.

Elevated STEPq, levels in aged Tg2576 mice are associated
with increased catalytic activity

We next assessed whether the increase in STEP,, was associated
with an increase in phosphatase activity. We immunoprecipi-
tated STEP,, from cortical membrane fractions (P2) of 12-
month-old Tg2576 and wild-type controls, and determined the
phosphatase activity using pNPP as substrate (Fig. 2A). There
was a significant increase in phosphatase activity in Tg2576 com-
pared to wild-type control samples (133.0 = 1.7%; p < 0.01). The
increase in activity was blocked by the tyrosine phosphatase in-
hibitor sodium orthovanadate (10 uMm) (data not shown). We
also assessed the catalytic activity of immunoprecipitated STEP,
against a glutathione S-transferase (GST)-NR2B fusion protein
phosphorylated by Fyn at tyr '*’? using a phosphospecific anti-
body to this site (Fig. 2B, C). There was a significant decrease in
phosphorylation of p-tyr'*”? by STEP,, immunoprecipitated
from Tg2576 mice compared to control mice (WT, 54.2 % 3.3%
of input; Tg, 29.4 = 1.6% of input; p < 0.01). These results
demonstrate that the increased STEPy; was active and dephos-
phorylated tyr'*’> on NR2B.

There were no significant differences in cortical NR1 and
NR2B receptor levels in synaptosomal-associated membrane
fractions (LP1) in 3-month-old mice that secrete low levels of A3
(Fig. 2D,E). In contrast, there was a significant decrease in the
expression of these subunits in LP1 fractions at 12 months of age
(p<0.01) (Fig. 2F,G). We also detected a significant decrease in
p-Y'*”? on the NR2B subunit in Tg2576 compared to littermate
controls ( p < 0.01) in 12-month-old mice. There was no change
in the total amount of receptors between the Tg2576 mice and
wild-type littermates at this age (data not shown). Together, the
results indicate that the increased levels of STEP,, in older
Tg2576 mice had increased phosphatase activity and were asso-
ciated with a concomitant decrease in p-Y'*’*> NR2B and a de-
crease in NR1 and NR2B subunits in synaptosomal membrane
fractions.

Treatment of cortical slices and cortical cultures with
7PA2-CM increases STEP, levels

We found that treatment of cortical cultures with AB-enriched
7PA2-CM significantly increased total STEPg;, level in a dose-
dependent manner compared to untreated cultures or cells
treated with control medium (7PA2-CM, 60 ul, 138 £ 9.2%; 120
ul, 176 £ 11.3%; p < 0.05) (Fig. 3A, B). There was no increase in
STEPq, after treatment of cortical cultures with conditioned
medium from 7PA2 cells pretreated with the y-secretase inhibi-
tor DAPT to inhibit AB production (Fig. 3C,D). DAPT treatment
significantly reduced AB concentration in 7PA2-CM as deter-
mined by immunoblotting with 6E10 antibody or by ELISA
(from 5714 £ 415.3 to 1760 * 24.8 pg/ml) (supplemental Fig.
1 B, C, available at www.jneurosci.org as supplemental mate-
rial). A complementary approach immunodepleted AB from
7PA2-CM with 6E10 antibody, and levels of immunoprecipitated
AP after each of four rounds of immunodepletion were analyzed
by Western blot using 6E10 antibody (supplemental Fig. 1D,
available at www.jneurosci.org as supplemental material). Treat-
ment of cortical cultures with medium in which AB was immu-
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Figure4. AB-enriched medium increases STEP; levels and STEP,, dephosphorylation,

and decreases NR2B abundance in membrane fractions of cortical slices. Cortical slices
were incubated with 7PA2-CM (A3-enriched) at different time points and processed to
obtain membrane fractions (P2). A-C, Samples were analyzed by immunoblotting with
anti-STEP antibody (A), anti-pSer 22" STEP antibody (B), or anti-NR2B antibody (C). Rep-
resentative immunoblots are shown along with quantitation of cumulative data. Normal-
ization was performed using total ERK2 (*p << 0.05; one-way ANOVA with post hoc Tukey's
test;n = 3).

nodepleted did not result in a significant change of STEP;, levels
(Fig. 3C,D). These results demonstrate that AB was directly in-
volved in the increase in STEPq, levels in cortical cultures.

The increase in STEPg, level in cortical neurons was associated
with a decrease in surface expression of NMDARs as determined
by biotinylation experiments: NR1 (35.2 = 5.3%; p < 0.01) and
NR2B (40.4 * 3.4%; p < 0.01) (Fig. 3C). As a control, there was
no significant change observed in the surface expression of the
GABA, 3 2/3 or NR2A receptors (Fig. 3C).

Using a complementary technique, we found that STEP,
level was significantly increased in membrane fractions (LP1) of
slices treated with 7PA2-CM compared to control samples
(131 = 6.7%; p < 0.01). In addition, there was a significant
reduction in the LP1 membrane enrichment of NR1 (52 =+ 5.3%j;
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AB treatmentin STEP KO cultures does not alter surface NR1/NR2B levels. Cortical cultures from WT and STEP KO mice
were treated with 7PA2-CM (AB-enriched), and biotinylated surface proteins were analyzed by immunoblotting. 4, Representa-
tive Western blots of NRT and quantitation are shown. The surface NR1 receptors are normalized to total NR1 levels, and WT CHO
(Iane 1) served as control for all other treatments (*p << 0.05; **p << 0.01; one-way ANOVA with post hoc Tukey's test; n = 5). STEP
KO cultures have higher baseline levels of surface NR1 receptors (KO CHO vs WT CHO; **p << 0.01;n = 5). A3 treatment decreased
surface NRTin WT cultures (**p << 0.01; AB vs CHO in WT; n = 5), but not in STEP KO cultures ( p > 0.05; AB vs CHO in STEP KO;
n =5). B, Representative Western blots of NR2B and quantitation are shown. The surface NR2B receptors are normalized to total
NR2B levels, and WT CHO (lane 1) served as control for all other treatments (*p << 0.05; **p << 0.01; one-way ANOVA with post hoc

induced NR1/NR2B receptor endocytosis
using biotinylation of surface proteins in
cortical cultures from wild-type and STEP
KO mice. 7PA2-CM treatment resulted in
decreased surface expression of NR1 and
NR2B subunits in WT mouse cortical cul-
< tures (Fig. 5A,B, lane 1 vs 2) (NR1,75.2 *
2.9%; NR2B, 65.5 = 4.8%; p < 0.01;n =
5). In contrast, there was no significant
7PA2-CM-induced decrease in the sur-
face expression of these receptors in STEP
KO cultures (Fig. 5A,B, lanes 4 vs 5)
(NR1, 128.6 £ 4.3%; NR2B, 131.7 *=
11.1%; p > 0.05 compared to STEP KO
control levels). Higher baseline surface
expression of glutamate receptors was de-
tected in STEP KO cultures, consistent
with the role of STEP in glutamate recep-
tor internalization (Fig. 5A,B, lanes 1 vs 4)
(NR1, 137.5 ®£ 3.2%; NR2B, 131.7 =
4.8%; p < 0.01).

*
*¥
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Tukey's test;n = 5). STEP KO cultures have higher baseline levels of surface NR2B receptors (KO CHO vs WT CHO; **p << 0.01;

n =5). AP treatment decreased surface NR2B in WT cultures (**p << 0.01; AB vs CHO in WT; n = 5), but not in STEP KO

cultures ( p > 0.05; AB vs CHO in STEP KO; n = 5).

p < 0.01), NR2B (49.6 % 3.4%; p < 0.01), and phosphorylation
of tyr'*? NR2B (42.8 + 6.1%; p < 0.01) (supplemental Fig. 1E,
available at www.jneurosci.org as supplemental material). Similar
results were obtained with primary cortical cultures (supplemental
Fig. 1 F, available at www.jneurosci.org as supplemental material).
7PA2-CM treatment resulted in a decrease in NR1 (35 = 7.1%; p <
0.01) and NR2B subunits (26.2 = 8.1%; p << 0.01) in the LP1 fraction
compared to CHO-CM treated cultures. Moreover, 7PA2-CM
treatment reduced p-tyr '*”> NR2B immunoreactivity (38.9 = 8.7%;
p <0.01) and increased STEPq; levels (145.8 = 9.3%; p < 0.01).

AB-enriched medium increases STEP abundance and STEP
dephosphorylation, and decreases NR2B abundance in
membrane fractions of cortical slices

STEPq, isimplicated in the AB-induced endocytosis of NMDARs
through activation of calcineurin and dephosphorylation and ac-
tivation of STEP; (Snyder et al., 2005). We therefore compared
the relative effects of AB on STEP level and phosphorylation by
examining the time course of the effects of 7PA2-CM treatment
of cortical slices (Fig. 4 A—C). 7PA2-CM treatment led to an in-
crease in STEP, levels over the 120 min time course. This in-
crease was paralleled by decreased phospho-STEP levels
(Ser?*') using a phosphospecific antibody (Paul et al., 2003),
and was associated with decreased surface NR2B levels. These
results indicated that exogenous application of AB-containing
CM to cortical slices resulted in the accumulation of active
STEP, and a concomitant decrease in the surface expression
of NR1 and NR2B subunits. Decreased phosphorylation of
STEP parallels the increase in STEP protein. Thus, changes in
STEP protein level as well as phosphorylation appear likely to
both be involved in the increased dephosphorylation and en-
docytosis of NMDAR.

STEPg, is a target for ubiquitination

To investigate the mechanism involved in
the regulation of STEP expression, we first
analyzed whether translational or tran-
scriptional inhibitors could block the increase in STEP,. Primary
cortical cultures were treated with actinomycin D (20 um) or
cycloheximide (100 wm) 20 min before the addition of 7PA2-CM.
Neither treatment blocked the increase in STEP;, (Fig. 6A). We
also performed semiquantitative reverse transcriptase PCR from
treated and untreated cells, and found no significant change in
STEP mRNA levels (supplemental Fig. 2A, available at www.
jneurosci.org as supplemental material). Moreover, there were
no significant changes in STEP mRNA levels between Tg2576 and
wild-type littermates at 3, 6, 9, and 12 months (supplementary
Fig. 2B, available at www.jneurosci.org as supplemental mate-
rial). These results suggest that the increase in STEPy, in cultured
neurons or in the AD mouse model was independent of transla-
tional and transcriptional mechanisms.

We next examined the possibility that STEP,; expression is
regulated at the level of protein degradation. To examine this
possibility, STEP,, was expressed in HEK cells, and we studied
the effect of proteasome inhibition. Treatment with the protea-
some inhibitor MG-132 (10 uMm) for 4 h markedly increased
STEP, levels, whereas treatment with the lysosomal inhibitor
chloroquine (500 uMm) or vehicle alone (0.1% DMSO) did not
(Fig. 6B).

To determine whether a similar mechanism occurs in neu-
rons, we treated cortical cultures with the proteasome inhibitors
MG-132 (10 and 20 um) or lactacystin (5 and 10 pum) for 2 h.
There was a dose-dependent increase in STEP,; compared to
vehicle-treated cultures (Fig. 6C) ( p < 0.001). Epoxymycin (10
M), a structurally different proteasome inhibitor, also resulted
in significant increases in STEP;; (p < 0.05; data not shown).
These results suggested that the UPS regulates STEP, in cortical
cultures. We then coexpressed STEPy, without or with HA-
ubiquitin in HEK cells to address whether STEP; is a direct target
of ubiquitination. Cells were treated with MG-132 (4 h; 10 um),
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or CHO-CM, purified polyubiquitinated
proteins, and probed with anti-STEP anti-
body. The 7PA2-CM-treated slices showed
an increase in HMW STEP,, immunoreac-
tive bands (Fig. 7A). As STEP, is the only
STEP isoform present in cortex, the results
indicated that ubiquitinated STEPy;, is in-
creased in the presence of elevated A3 levels.
Asa control, welooked at the ubiquitination
of the epidermal growth factor receptor
(EGFR), which has been demonstrated pre-
viously to be a UPS substrate and is elevated
in primary neuronal cultures derived from AD mouse model
(Almeida et al., 2006). We found a similar increase in EGFR ubig-
uitin conjugates after 7PA2-CM treatment compared to CHO-CM
(data not shown).

We next asked whether there was an accumulation of
ubiquitin-conjugated STEP;, in Tg2576 mice. To this end, we
affinity purified ubiquitinated proteins from 3- and 12-month-
old Tg2576 mice cortex and probed with STEP antibody. Ubiqui-
tinated STEP, was increased in 12-month-old mice compared to
wild-type controls (Fig. 7B). In contrast, 3-month Tg2576 and
wild-type controls showed no significant difference in ubiquitin
conjugates.

With regard to the above set of results, one question that
remained was whether the increased STEP, levels that resulted
from impairment of ubiquitin-mediated turnover was directly
associated with the increase in STEP activity. This is difficult to
assess in neuronal tissue because STEP phosphorylation/dephos-
phorylation also plays a role in control of activity. We therefore
transfected the nonphosphorylatable form of STEP, with a serine-
to-alanine (S—A) mutation at the Ser?*' PKA site into HEK cells and
treated without or with MG-132 (4 h; 10 um). STEP was then im-
munoprecipitated and activity measured using Fyn-
phosphorylated GST-pNR2B as substrate. There was a significant

system. A, Cortical cultures were pretreated with actinomycin D (20 ) or cycloheximide (100 wum) for 20 min and thenincubated
with 7PA2-CM (AB-enriched) for 2 h. Normalization was performed using total ERK2 (*p << 0.05, CHO-CM vs other groups;
one-way ANOVA with post hoc Tukey's test; n = 3). B, HEK-293T cells were transfected with STEP,; <DNA and incubated for 36 h.
Cells were treated with vehicle (0.1% DMSO0), the proteasome inhibitor MG-132 (10 ), or the lysosomal inhibitor chloroquine
(500 pum) for 4 h. Representative immunoblot shows an increase in STEP immunoreactivity in the presence of MG-132. C, Cortical
cultures were incubated with two structurally different proteasome inhibitors: MG-132 (10 wum and 20 wm) and lactacystin (5
and 10 um) for 2 h. Quantification showed a dose-dependentincrease in STEP, after exposure to both inhibitors and normalization
to ERK2 (*p << 0.05, treatment vs control; one-way ANOVA with post hoc Tukey's test; n = 3). D, HEK cells were transfected with
STEPg,, STEP4; plus HA-tagged ubiquitin <DNAs, or HA-tagged ubiquitin alone. After 36 h, cells were treated with MG-132,
immunoprecipitated with STEP antibody, and probed with anti-HA (left) or anti-STEP antibody (right). Higher molecular weight HA
and STEP immunoreactivity was observed from cells that coexpressed STEP,; and HA-ubiquitin.

increase in the dephosphorylation of p-Y'*”? by STEP,, immu-
noprecipitated from MG-132-treated cells compared to that
from untreated cells (Fig. 7C) (STEPg, (S-A), 75.0 £ 10.3% of
input; STEP,, (S-A) plus MG-132, 47.4 * 9.4% of input; p <
0.05). As this regulatory serine is a target of calcineurin dephos-
phorylation, these results demonstrate that an additional mech-
anism other than STEPy, dephosphorylation is involved in the
regulation of Y '*’> NR2B dephosphorylation. These results sup-
port the model that the increase in STEP, levels after proteaso-
mal blockade is involved in the increased tyr-dephosphorylation
of pNR2B.

Discussion

The primary findings from this study indicate that AB-mediated
NMDAR surface expression requires STEP protein, that the UPS
normally processes STEP,,, and that there is an increase in STEP
levels caused by impairment of the UPS in response to AB or in
AD model mice. We show that A3-mediated reduction in surface
expression of NMDAR:s is absent in STEP KO cultures. In sup-
port of a role for the UPS in regulation of STEP,,, we find that
inhibition of the proteasomal system leads to an accumulation of
STEPq, levels in cortical cultures, and that increased STEP;,
ubiquitination, protein, and activity are found in Tg2576 mice.
Increased STEP protein levels are also found in human AD cor-
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Figure 7.  Ubiquitin-conjugated STEP; levels are increased in 7PA2-CM-treated cortical
slices and in 12-month Tg2576 brains. A, Ubiquitin-conjugated proteins were isolated by affin-
ity chromatography from rat cortical slices after treatment with control CHO-CM or 7PA2-CM
(AB-enriched) for 2 h. Immunoblotting shows that ubiquitinated STEP; levels are increased
after treatment with 7PA2-CM. B, Ubiquitin-conjugated proteins were isolated from cortical
lysates of WT and Tg2576 mice (3 and 12 months) and probed with an anti-STEP antibody.
Immunoblot shows thatincreased levels of ubiquitinated STEP, at 12 monthsin Tg2576 cortex.
€, HEK cells were transfected with STEPg, (ser??" to ala) ¢cDNA and treated with or without
MG-132 (4 h; 10 M) and immunoprecipitated with anti-STEP antibody. The immunoprecipi-
tated complex was assayed in vitro for phosphatase activity using Fyn-phosphorylated GST-
phospho-NR2B as a substrate. Dephosphorylation of pY '#2 NR2B (pNR2B) was assessed by
immunoblotting with a p-tyr"*2-specific antibody and normalized to the initial Fyn-
phosphorylated GST-phospho-NR2B levels (input). Inhibition of the proteasome with MG-132
results in greater dephosphorylation of Fyn-phosphorylated GST-phospho-NR2B relative to
control (*p << 0.05, Student's t test; n = 3).

tex. Results from our previous work found that the AB-mediated
reduced surface expression of NMDA receptor subunits is caused
by increased endocytosis (Snyder et al., 2005). These previous
results, together with the present findings, indicate that STEP,
dephosphorylates the NR2B subunit at its regulatory tyr '’ site,
and dephosphorylation of this site leads to internalization of the
NMDAR complex from neuronal surface membranes. Moreover,
the findings support the hypothesis that regulation of STEP, by
the UPS plays an important role in the control of NMDAR
trafficking. The results also suggest that disruption of normal
NMDAR trafficking as a result of AB-mediated impairment of
the UPS contributes to the synaptic dysfunction that occurs in AD.
The elevated levels of STEP, found in Tg2576 cortex are as-
sociated with an increase in tyrosine phosphatase activity com-
pared to wild-type mice. Moreover, there is a significant decrease
in the phosphorylation of the regulatory tyr '*’> of NR2B subunit
of the NMDAR that accompanies the increase in STEP levels.
Previous studies have shown that the tyrosine kinase Fyn phos-
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phorylates tyr '*2, leading to exocytosis of NMDARs to surface
membranes (Dunah et al., 2004; Hallett et al., 2006). It is known
that STEP,; dephosphorylates and inactivates Fyn, thus suggest-
ing that STEP,; works through two pathways to promote inter-
nalization of NMDARs: direct dephosphorylation of tyr'*’* of
the NR2B subunit and tyr **° of Fyn (Snyder et al., 2005; Nguyen
et al., 2002). A previous study demonstrated that Fyn kinase is
downregulated in an AD mouse model, and a possible mecha-
nism was an increase in STEP activity (Chin et al., 2005), a sug-
gestion supported by the present findings.

Increasing evidence suggests that UPS dysfunction plays an
important role in the pathogenesis of AD (de Vrij et al., 2004;
Hegde and Upadhya, 2007). In human AD brains, ubiquitin im-
munoreactive inclusion bodies accumulate and proteasomal
activity is decreased (Lam et al., 2000; Mori et al., 1987). Protea-
somal inhibition results in the accumulation of ubiquitinated
proteins, a decrease in free ubiquitin, and increased levels of sev-
eral proteins involved in AD pathology, including Tau, BACEI,
and the regulatory subunit of protein kinase A (Qing et al., 2004;
David et al., 2002; Tseng et al., 2007; Gong et al., 2006). Deubiq-
uitinating enzymes that promote the degradation of accumulated
proteins are downregulated in brains of AD mouse models and
patients (Choi et al., 2004), whereas restoring ubiquitin-recycling
enzymes rescues memory deficits and dendritic spine alterations
in the AD mouse models (Gong et al., 2006; Smith et al., 2009).
These findings support the model that a defective UPS contrib-
utes to the progression of AD.

Our results indicate that decreased STEP, turnover is an im-
portant consequence of a defective UPS, and directly links to an
impairment of normal NMDAR trafficking at synapses. STEP,
contains two PEST sequences (Bult et al., 1996), which are often
present in proteins degraded by the UPS (Rogers et al., 1986), and
whether these sequences contribute to STEP; degradation war-
rants further investigation. The present results indicate that
exposure to AP leads to increased levels of STEP protein and
activity, and we propose that this increase is involved in de-
phosphorylation of NR2B leading to NMDAR endocytosis.
Our previous studies have also suggested that STEP; partici-
pates in AB-mediated NMDAR endocytosis through a mecha-
nism involving AB binding to the «7 nicotinic receptor,
activation of calcineurin, and dephosphorylation of STEP,, at an
inhibitory site within the kinase interacting motif (Snyder et al.,
2005). Moreover, PKA activity is reduced and calcineurin activity
is increased in AD conditions (Gong et al., 2006; Kuchibhotla et
al., 2008), and both are mechanisms that promote STEP;, activa-
tion (Paul et al., 2000, 2003). Examination of the kinetics of the
changes in STEP protein levels and phosphorylation support the
conclusion that increased STEP level and increased activity as a
result of dephosphorylation are both likely responsible for the
dephosphorylation of NR2B. Indeed, the combination of these
two processes would lead to a synergistic effect on STEP activity.
Notably, in preliminary studies of @7 nicotinic receptor KO mice,
we found only a 30% reduction in the AB-mediated NMDAR
endocytosis in these mice, supporting the idea that additional
mechanisms exist to increase STEP, activity (Y. Zhang, M. R.
Picciotto, and P. J. Lombroso, unpublished data).

To extend our studies to human Alzheimer’s patients, we ex-
amined STEP levels in postmortem cortical tissue from patients
diagnosed with AD. STEP levels were significantly increased in
patients with clinical symptoms of AD. Although the samples
used are likely cases of sporadic AD, the observed increase in
STEPq, levels in human AD brains is an important finding, and
supports the hypothesis that altered expression of STEPq; is in-
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volved in the pathogenesis of AD. In addition, reduction in NR2B
subunits and a decrease in NR2B tyrosine phosphorylation have
been reported in human AD brains (Sze et al., 2001). Although
the data strongly suggest that AB leads to an accumulation of
STEP, levels by inhibiting the UPS, future studies are necessary
to provide the molecular details of how STEP ubiquitination is
controlled. The UPS system is disrupted in several other CNS
disorders including Parkinson’s disease, schizophrenia, and
Huntington’s disease (Altar et al., 2005; Lim and Tan, 2007;
Dunabh etal., 2000; Lau and Zukin, 2007). As disrupted glutamate
signaling is implicated in these disorders, future studies will ex-
amine the role of ubiquitination of STEPy, and regulation of
NMDAR trafficking in these illnesses. Finally, these results sug-
gest that reducing STEPq,; activity through small molecule inhib-
itors may have therapeutic benefit in AD.
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